Aims/hypothesis The aim of this study was to evaluate the nature and extent of neuronal loss in dorsal root ganglia (DRG) in diabetic polyneuropathy. Materials and methods We examined 10-month diabetic BioBreeding/Worcester (BB/Wor) rats with respect to DRG ultrastructure and morphometry, sural nerve morphometry, pro-and anti-apoptotic proteins, the expression of neurotrophic factors and their receptors, and sensory nerve functions. Results In diabetic rats, DRG neurons decreased to 73% of normal, owing to loss of substance P and calcitonin generelated peptide-positive neurons. Levels of pro-apoptotic active caspase-3, Bax and low-affinity nerve growth factor (NGF) were increased in DRG. The concentration of anti-apoptotic heat shock protein (HSP) 70 in DRG was decreased, whereas concentrations of Bcl-xl and HSP27 were unaltered. Levels of poly(ADP-ribose) polymerase (PARP) and cleaved PARP were unaltered. Levels of NGF in sciatic nerve and concentrations of the high-affinity NGF receptor, insulin receptor and IGF-I receptor in DRG were significantly decreased. Sensory nerve conduction velocity decreased to 78% of normal. Hyperalgesia increased up to 6 months. Myelinated and unmyelinated fibre numbers of the sural nerve were significantly decreased in diabetic rats. DRG examinations revealed no evidence of apoptosis, mitochondrial changes or abnormalities of the endoplasmic reticulum. Instead, neurons demonstrated progressive vacuolar degenerative changes of the Golgi apparatus, with fragmentation and formation of large cytoplasmic vacuoles. These data show that sustained apoptotic stress is present in DRG of chronically diabetic BB/Wor rats, but fails to proceed to apoptotic cell death. Conclusions/interpretation Progressive DRG neuronal loss, particularly of small neurons, occurs in the type 1 diabetic BB/Wor rat. This is associated with neurotrophic withdrawal and progressive degeneration of the Golgi apparatus. 
Introduction
Diabetic polyneuropathy (DPN) is a common peripheral neuropathy and the most common late complication of diabetes. Besides hyperglycaemia-induced metabolic abnormalities resulting in polyol pathway hyperactivity, advanced glycation end-products, oxidative stress and altered protein kinase C activity, suppressed availability of insulin/C-peptide and impaired neurotrophic support play prominent roles in the development of DPN [1] [2] [3] [4] [5] [6] [7] [8] .
In the past few years, several studies have claimed high apoptotic rates affecting dorsal root ganglion (DRG) neurons in streptozotocin-induced diabetic (STZ-D) rats, which have been related to mitochondrial dysfunction and oxidative stress [9] [10] [11] . However, DRG neuronal apoptosis does not correspond to an equivalent loss of sensory peripheral nerve fibres in STZ-D rats [12, 13] . Other investigators have failed to show DRG neuronal loss in chronically diabetic STZ-D rats [13, 14] or in subacutely diabetic BioBreeding/Worcester (BB/Wor) rats [15] . Thus DRG neuronal cell death and its relationship to apoptosis in DPN remains a controversial issue.
The diabetic BB/Wor rat develops diabetes spontaneously as a result of an autoimmune-mediated beta cell destruction, similar to that seen in human type 1 diabetes [16] . They require exogenous insulin supplementation and develop a progressive neuropathy that is functionally and structurally similar to type 1 human DPN [8, 17] . Using this animal model we earlier failed to detect evidence of apoptotic DRG neuronal loss in 4-month diabetic rats [15] . This study did, however, demonstrate apoptotic stress in DRG neurons, which appeared to be counterbalanced by the induction of anti-apoptotic elements, thereby preventing DRG neurons from succumbing to apoptotic cell death.
To explore the possibility that DRG neuronal apoptosis occurs in long-term diabetic rats, which demonstrate significant loss of peripheral sensory fibres [17] , we examined 10-month diabetic BB/Wor rats.
Materials and methods
Animals Pre-diabetic BB/Wor rats and age-matched nondiabetes-prone BB rats were obtained from Biomedical Research Models (Worcester, MA, USA). All rats had free access to water and rat chow. Body weight, urine volume and glucosuria (Keto-Diastix; Bayer, Elkhart, IN, USA) were monitored daily to ascertain onset of diabetes and to titrate appropriate daily insulin doses for the duration of diabetes. Diabetic rats received daily doses of protamine zinc insulin varying from 0.5 to 3.0 U/day (Blue Ridge Pharmaceuticals, Greensboro, NC, USA) to maintain blood glucose levels between 20.0 and 25.0 mmol/l and to prevent ketoacidosis. Blood glucose was measured biweekly. Animals were cared for in accordance with the guidelines of the Animal Investigation Committee, Wayne State University and those of the NIH (publication no. 1995) .
Measurement of serum insulin, C-peptide and IGF-I levels Serum was collected at the time of killing after 10 months of diabetes. Serum insulin, C-peptide and IGF-I levels were measured using RIA kits (Linco Research, St Charles, MO, USA).
Electrophysiology Rats were anaesthetised with i.p. pentobarbital sodium (50 mg/kg body weight). Body temperature was maintained at 36-37°C by a heating pad and monitored by a rectal probe. Sensory nerve conduction velocity was recorded in the right hind limb using a Cadwell 5200A Electromyographer (Cadwell Laboratories, Kennewick, WA, USA) as previously described [7, 18] . The digital nerves of the second toe were stimulated with square pulses of 0.05 ms duration using supramaximal currents. Action potentials were recorded at the level of the medial malleolus. The distance between stimulating and recording electrodes was 25 mm and that between the active recording and indifferent electrode was 10 mm. Eight to 16 responses were averaged. The distance between stimulating and active recording electrodes was divided by the latency to the peak of the negative deflection.
Thermal plantar test Latencies of hind paw withdrawal to thermal stimulation (42°C; 152 mW/cm 2 ) was measured monthly using a UGO Biological Research apparatus (Comerio, Italy) [7] . The time from heat source activation to the animal's self-withdrawal in seconds was measured six times in alternating hind paws. The mean of these measurements was calculated and used as the measure of latency. This measurement reflects fibres conducting temperature sensation, including unmyelinated and small myelinated fibres.
Tissue collection Ten months after onset of diabetes, animals were anaesthetised with an i.p. overdose of sodium pentobarbital (120 mg/kg body weight). Three control and three BB/Wor rats were perfused with ∼500 ml of 4% paraformaldehyde fixative. The left L5 DRG were post-fixed in situ for 10 min in 1% cacodylate buffered (pH 7.4) 2.5% glutaraldehyde. They were post-fixed in 1% cacodylate buffered (pH 7.4) osmium tetroxide, dehydrated and embedded in Epon for morphometric analysis.
The right DRG were fixed by immersion in 4% paraformaldehyde in 0.1 mol/l phosphate buffer (pH 7.4) overnight at 4°C, rinsed in PBS, dehydrated, immersed in xylene and embedded in paraffin. L4 and L5 DRG and sciatic nerves were collected from five diabetic and five control rats for protein extraction. Tissues were snap frozen in liquid nitrogen and kept at −80°C until use.
Sural nerves were exposed in diabetic and control rats and fixed in situ for 10 min in 1% cacodylate buffered (pH 7.4) 2.5% glutaraldehyde, excised and immersed in the same fixative for 2 h at 4°C. They were post-fixed in 1% cacodylate buffered (pH 7.4) osmium tetroxide, dehydrated and embedded in Epon for morphometric analysis.
Morphometry Morphometric analyses of DRG neurons were performed on toluidine-blue-stained step-wise sections (0.5-μm thick; 40 μm apart) using a video image analysis system (Image-Pro Plus 3.0; Media Cybernetics, Silver Spring, MD, USA). L5 ganglia were sectioned, 36-47 sections per ganglion. Neurons with distinguishable nuclei were counted and their total areas measured. Diameters of nuclei were measured and averaged. The number of neurons per DRG was calculated as the sum of numbers of neurons per section ×40/mean nuclear diameter [15] .
Semithin (0.5 μm) cross-sections of Epon-embedded sural nerves stained with toluidine-blue were prepared for light microscopic morphometric analysis using a computerised image analysis system (Image-1; Universal Imaging, West Chester, PA, USA). This system is programmed to assess the total complement of sural nerve myelinated fibres and provides the following parameters: fascicular area (μm 2 ), number of fibres, fibre density (number/mm 2 ), mean fibre area (μm 2 ), mean axonal area (μm 2 ), mean myelin area (μm 2 ), axon/myelin ratio, and index of circularity and fibre occupancy rate (in %) as previously described [19] .
For morphometric analyses of unmyelinated fibres, ultrathin cross-sections of sural nerves were obtained with the aid of an LKB ultramicrotome (Marviac Limited, Halifax, Canada) and stained with uranyl acetate and lead citrate. They were examined with a Zeiss 12AS electron microscope (Carl Zeiss, Oberkochen, Germany). Systematically selected frames representing approximately 30% of the sural nerve cross-sectional area were obtained. Photographs were enlarged 10,000 times, scanned and downloaded to the computerised image analysis system. It should be noted that unmyelinated fibres of the sural nerve include also sympathetic fibres. The following morphometric parameters of unmyelinated fibres were obtained: unmyelinated fibre number, fibre density (number/mm 2 ), mean fibre size (μm 2 ), axon numbers per Schwann cell unit and the frequencies of collagen pockets, denervated Schwann cell profiles, type 2 Schwann cell/axon relationship and regenerating C-fibres [18] . The latter are recognised by duplication of the basement membrane of the supporting Schwann cell.
Structural changes of DRG Semithin (0.5 μm) toluidineblue-stained sectioned DRG were examined for margination of nuclear chromatin, apoptotic bodies, degenerative changes and nodules of Nageotte. For further evaluation of degenerative changes, ultrathin sections of DRG were stained with uranyl acetate and lead citrate, and examined ultrastructurally.
Immunohistochemistry for substance P (SP), calcitonin gene-related peptide (CGRP), heat shock protein (HSP) 27, HSP70 and active caspase-3 in DRG Six-micron-thick sections were immunostained using an avidin-biotin complex kit (Vector Laboratories, Burlingame, CA, USA). Primary antibodies used are listed in Table 1 of the Electronic Supplementary Material (ESM). Quantifications of positive neurons were performed using the same image analysis system as described above. Images of three serially sectioned DRG (60 μm apart) were captured and assessed using a binary scale. In each section 200-300 ganglion cells with visible nuclei were captured. The number and areas of SP-and CGRP-positive neurons were determined in each section. The frequencies of SP-and CGRP-positive neurons per ganglion were calculated as: neurons per ganglion× positive neurons per section/total neurons per section [15] . The frequencies of HSP27-, HSP70-and active caspase-3-positive neurons were calculated from parallel serial sections.
Measurement of SP and CGRP contents of DRG Enzyme immunometric assays (EIAs) were used to assess SP (Cayman Chemical Co., Ann Arbor, MI, USA) and CGRP (SPIbio Co., Massy, Cedex, France) in DRG. Pairs of L4 and L5 DRG were homogenised in 2 mol/l acetic acid buffer (including 1 μg/ml aprotinin and 1 μg/ml leupeptin), then boiled for 10 min. After centrifuging at 10,000 g for 30 min, the supernatants were freeze-dried and dissolved in EIA buffer. The assays were processed in duplicates. Results were expressed as picogram per ganglion [18] .
Western blotting Pairs of L4 and L5 DRG were lysed in detergent lysis buffer (50 mmol/l Tris-HC1, pH 7.4, 150 mmol/l NaC1, 1 mmol/l EDTA, 1% Triton X-100, 1 mmol/l phenylmethylsulphonyl fluoride, 1 μg/ml leupeptin and 1 μg/ml aprotinin) and centrifuged at 10,000 g for 20 min at 4°C. DRG protein (10-40 μg) was separated by 7.5-15% SDS-PAGE, and transferred to polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA, USA). Membranes were blocked with Tween-20-Tris-buffered saline (10 mmol/l Tris-HC1, pH 7.5, 100 mmol/l NaC1 and 0.1% Tween-20) containing 5% non-fat dry milk (Bio-Rad) prior to incubation with primary antibodies (see Table 1 of ESM). Antigen detection was performed using chemiluminescence (Amersham Pharmacia Biotech, Piscataway, NJ, USA) with horseradish peroxidase-conjugated secondary antibodies.
Membranes were exposed to Biomax film (Kodak, Rochester, NY, USA). Images were scanned and densities determined using a Bio-Rad Fluoro-S multi-imager. Expression of proteins was corrected for by actin density and expression in control animals was arbitrarily set to 1.0.
Nerve growth factor (NGF) analyses Sciatic NGF content was determined using a quantitative two-site enzyme immunoassay (Emax Immunoassay System; Promega, Madison, WI, USA). Assays were performed according to the manufacturer's protocol and results were expressed as picogram per milligram of protein as previously described [18] .
Statistical analysis All values are expressed as means±SD. Significance of differences was analysed by ANOVA. Group differences were assessed by Scheffé's test. Significance was defined as a p value of less than 0.05. All analyses were performed by personnel unaware of the animal identities.
Results
Clinical findings Diabetes-prone BB/Wor rats developed type 1 diabetes at 73±2 days of age and were maintained at hyperglycaemic levels (20-25 mmol/l glucose) throughout the observation period (Table 1) . After a 10-month duration of diabetes, they showed decreased fasting serum insulin (11.5% of normal; p<0.001), C-peptide (<3.3% of normal; p<0.001) and IGF-I (62.7% of normal; p<0.001) levels (Table 1) . Sensory nerve conduction velocity decreased progressively to 78% of normal (p<0.001) at 10 months of diabetes (Table 1) . Small fibre function was measured as latencies of hind paw withdrawal to thermal stimuli. They decreased progressively to 39.4% (p<0.001) of normal at 6 months, reflecting hyperalgesia, and then reversed to normal at 10 months (Fig. 1) .
Morphometric analyses The number of DRG neurons were reduced by 25% (p<0.01) at 10 months of diabetes and remaining neurons showed a 30% (p<0.05) reduction in size (Table 2 and Fig. 2a ). The neuronal loss was entirely accounted for by the loss of SP-(p<0.001) and CGRP-(p<0.005) positive neurons ( Table 2 ). The mean size of remaining SP and CGRP neurons was decreased by 22.6% (p<0.05) and 23.6%, respectively, (p<0.005) ( Table 2 , Fig. 2b,c) .
For morphological examinations, 937±3 neurons per DRG were examined from toluidine-blue-stained sections. No margination of nuclear chromatin, membrane blebbing or apoptotic figures were observed in control or diabetic rats. No cellular oedema or disruption of the plasma membrane, indicative of early necrosis, was found. Both control and diabetic rats showed subplasmalemmal small vacuoles coalescing into larger cytoplasmic vacuoles (Fig. 3a,b) . Nodules of Nageotte were observed in control and diabetic rats. The frequencies of neurons containing small subplasmalemmal vacuoles (p<0.05), large cytoplasmic vacuoles (p<0.05) and nodules of Nageotte (p<0.05) were increased in diabetic rats (Table 2) . Large cytoplasmic vacuoles were 1.7-fold more frequent in small neurons (<1,000 μm 2 ) in diabetic rats and three-fold more frequent in control animals compared with the frequencies in large neurons (>1,000 μm 2 ) (data not shown). Examination of sural nerve myelinated fibres showed decreased fascicular areas in diabetic rats (p<0.001) ( Table 3 ). The number of myelinated fibres was decreased (p<0.005), accompanied by decreased myelinated fibre size (p<0.001), decreased axonal size (p<0.001) and myelin area (p<0.01) in diabetic rats (Table 3) . Decreased endoneurial occupancy of myelinated fibres (p<0.05) and index of circularity (p<0.05) of myelinated fibres were seen in diabetic rats (Table 3) .
Unmyelinated fibre morphometry revealed a 56.0% fibre loss (p<0.001), decreased fibre density (p<0.001), axonal atrophy (p<0.005) and decreased number of axons per Schwann cell unit (p<0.001) in diabetic rats. These changes were accompanied by increased frequencies of denervated Schwann cell profiles (p<0.05), collagen pockets in (Table 3) .
Ultrastructural changes in DRG Examination of DRG from both diabetic and control animals showed cytoplasmic vacuoles lined by single membranes and containing membranous debris (Fig. 3a-c) . The neuronal cytoplasm contained normal-appearing mitochondria and rough endoplasmic reticulum (Fig. 3c-ei) . On the other hand, stacks of the Golgi apparatus commonly showed separation of individual ribbons with the formation of vacuoles of varying sizes ( Fig. 3ei and eii) containing membranous debris (Fig. 3eii) . These vacuoles were particularly common under the neurolemma, where they formed larger conglomerates of vacuoles (Fig. 3a,b,d ), which then coalesced into larger cytoplasmic vacuoles (Fig. 3a,b ).
Vacuoles were surrounded by vesiculated and degenerated ribbons of Golgi (Fig. 3eiii and eiv) . These changes occurred in the presence of unaltered nuclear morphology in both control and diabetic rats (Fig. 3a) but were 4.6-fold more frequent in diabetic animals ( Table 2 ).
SP and CGRP contents in DRG SP (p<0.01) and CGRP (p<0.001) contents in DRG were significantly decreased in diabetic rats (Table 2 ). These data are consistent with the decreased frequencies of SP-and CGRP-positive neurons in DRG.
Levels of active caspase-3 and caspase-3-positive neurons
Western blots for active caspase-3 revealed increased (p<0.05) levels in diabetic DRG (Fig. 4a) . Caspase-3 immunocytochemistry showed positive cytoplasmic staining in 13.8% of neurons in control rats, and these frequencies were increased to 23.5% (p<0.001) of DRG neurons in diabetic rats (Fig. 4b ). Positive nuclear staining was observed in 1.8 and 4.2% of ganglion cells in control and diabetic rats, respectively, (p<0.01) (Fig. 4c) .
Levels of pro-and anti-apoptotic elements in DRG Mitochondrial pro-apoptotic Bax was increased 2.3-fold (p<0.01) in diabetic rats (Fig. 5a ). On the other hand, the anti-apoptotic Bcl-xl concentration in DRG was not altered compared with that in control rats (Fig. 5b) . The concentration of the low-affinity NGF receptor (NGFR-p75), a member of the TNF death receptor family, was increased 1.35-fold in diabetic rats (p<0.05) (Fig. 5c) . Levels of Fas, caspase-12, total poly(ADP-ribose) polymerase (PARP) or cleaved PARP were not significantly altered in diabetic animals ( Fig. 5d-f ).
Anti-apoptotic HSPs in DRG HSP27 protein was not altered in diabetic DRG (Fig. 6a) . Inducible HSP70 was decreased to 49% (p<0.005) in diabetic DRG (Fig. 6c) . Constitutively expressed heat shock cognate 70 (HSC70) (Fig. 6c) or HSP40 (Fig. 6d) were not significantly altered.
Immunohistochemically, HSP27 was expressed in small and large neurons and axons as reported previously [15] . The frequency of HSP27-positive neurons was not changed in diabetic rats (Fig. 6e) . HSP70 localised to mainly Schwann cells, satellite cells and to small neurons [15] . HSP70-positive neurons were significantly decreased in (Fig. 6f) , in keeping with the decrease in the number of small SP-and CGRP-positive neurons (Table 2) .
Changes in neurotrophic factors Levels of IGF-I receptor (p<0.05), the high-affinity neuronal insulin receptor (p<0.05) and high-affinity NGF receptor (NGFR-TrkA) (p<0.005) were significantly decreased in diabetic DRG neurons (Fig. 7a-c) . The NGF content in the sciatic nerve was significantly decreased (p<0.01) in diabetic rats (Fig. 7d) .
Discussion
The present study shows severe neuronal loss of DRG in chronically diabetic BB/Wor rat, which is totally accounted for by the loss of nociceptive SP-and CGRP-positive neurons. The 47% loss of nociceptive neurons corresponded to a 56% loss of peripheral C-fibres in the sural nerve. Remaining C-fibres demonstrated ongoing degenerative changes such as fibre atrophy, type 2 Schwann cell/ axon relationships, collagen pockets and denervated Schwann cell profiles [18] . These findings indicate a significant progression of nociceptive neuropathy with duration of diabetes as compared with 4-month diabetic BB/Wor rats, which showed no significant loss of DRG neurons and a modest loss of peripheral C-fibres [15] .
This progression is reflected in progressive nociceptive dysfunction, which increased up to 6 months of duration of diabetes with subsequent reversal of hyperalgesia. This normalisation of responses to thermal stimuli most likely reflects ensuing small fibre loss resulting in increasing loss of temperature sensation. Large DRG neurons, giving rise to myelinated peripheral fibre populations, showed no numerical loss, although they demonstrated significant atrophy. Despite this, peripheral sensory myelinated fibres of the sural nerve showed after 10 months of diabetes a 30% loss associated with significant axonal atrophy of preserved fibres. An earlier study of 11-month diabetic BB/Wor rats [17] showed a similar magnitude of sural nerve myelinated fibre loss, whereas the more proximal tibial nerve and L5 dorsal root revealed no changes in , showing swollen Golgi apparatus (bold arrows), vesiculation of Golgi ribbons (thin arrows), intact mitochondria (asterisks) and rough endoplasmic reticulum (#) (ei and eii). eiii, eiv layered Golgi structures next to small vacuoles myelinated fibre numbers. This is consistent with preservation of large DRG neurons giving rise to myelinated fibres. Taken together the findings are therefore in keeping with a dying-back process rather than apoptotic neuronal loss as the cause of distal axonal loss. However, we cannot categorically exclude the possibility that a low frequency of apoptotic neuronal death may occur that has escaped detection in the present and previous study [15] . Apoptotic neuronal death is a rapid event with consequent Wallerian degeneration of corresponding axonal processes, a structural change that is infrequent in the BB/Wor rat [1, 19] . Previous studies examining 12-month STZ-D rats failed to demonstrate DRG neuronal loss [13, 14] , which is consistent with a retained number of peripheral myelinated fibre number in the STZ-D rat [12, 13] . Differences in insulin and C-peptide deficiencies may account for these discrepancies between the STZ and BB/Wor models [7, 16, 20] . Some studies have suggested that neuronal loss of DRG in STZ-D rats is due to apoptotic cell death induced by mitochondrial dysfunction secondarily to oxidative stress [9] [10] [11] . In the present study, we failed to identify any morphological evidence of apoptosis in DRG neurons, nor could we show structural abnormalities of neuronal mitochondria. Instead, one of the most intriguing and surprising findings in the present study was the progressive degenerative changes involving the Golgi apparatus, with formation of membrane-bound vacuoles, fragmentation and vesiculation of Golgi stacks. The frequency of large cytoplasmic vacuoles in DRG neurons increased in both diabetic and control animals when compared with 4-month diabetic animals [15] , although they were almost five-fold more frequent in diabetic animals. Large vacuoles were 1.7-fold more frequent in small (<1,000 μm 2 ) compared with large diabetic DRG neurons at 10 months, despite the substantial loss of small neurons. Even in control animals, 75% of large vacuoles were found in small neurons, although their overall frequency was only 22% of that found in diabetic rats. These findings parallel a greater susceptibility to neurotrophic withdrawal, including insulin, of small DRG neurons. Normal age-related suppression and impaired sensitivity to such support may underlie similar qualitative changes of the Golgi in aged rats.
The Golgi complex is essential for processing and sorting of lipids and proteins [21] . It co-localises with an array of cytoskeletal binding proteins and is linked to microtubules [22, 23] . The Golgi structure is one of several stress-sensing organelles [24, 25] , which during apoptotic stress becomes disassembled secondarily to changes in the Golgi exoskeleton [26] . The upstream initiator caspase, caspase-2, has been implicated in Golgi disassembly by cleavage of golgin-160 [27] , whereby death receptors like the TNF receptor family and Fas are involved [26, 28, 29] . In the present study, although we demonstrated significant upregulation of the death receptor NGFR-p75, Fas was unaltered. Perturbations of cytoskeletal elements, including tubulins, occur in diabetic neuropathy secondarily to suppressed neurotrophic support [2, 30, 31] and are likely to impact on Golgi structure and integrity [26] . Despite the lack of mitochondrial abnormalities and evidence of apoptosis, DRG neurons demonstrated increased expression of active caspase-3, increased numbers of active caspase-3-staining neurons, and upregulation of pro-apoptotic Bax, suggesting the presence of significant apoptotic stress. These findings are in agreement with those reported by Cheng and Zochodne [32] in STZ-D rats of 1-year duration. Indirect evidence for the lack of apoptotic neuronal death is the finding that neither the downstream DNA repair enzyme PARP nor cleaved PARP, as an indicator of DNA damage [32] , was increased. This is in keeping with the finding that axotomy of sensory nerves of the STZ-D rats fails to induce apoptosis-related genes [33] . Taken together with the lack of structural evidence of apoptosis in this study, we speculate that apoptotic stresses do occur in long-term diabetic rats, but that these are counterbalanced by anti-apoptotic elements such as Bcl-xl, HSP27 and HSP40, which were unaltered, despite considerable neuronal loss. HSPs have been widely investigated and their protective effect against neuronal death has been established [34] [35] [36] . HSP27 is expressed constitutively and is induced by trophic factor withdrawal or by apoptotic stress [35] . It interacts with mitochondrial cytochrome c, blocking its interaction with Apaf-1, procaspase-9 and downstream activation of caspase-3. Caspase-12, reflective of endoplasmic reticulum dysfunction, was not altered in the present study, which is in keeping with a morphologically intact endoplasmic reticulum. As to whether apoptotic stress demonstrated here and in 4-month diabetic BB/Wor rats [15] may underlie the progressive degeneration of the Golgi complex remains to be investigated.
Neurotrophic support mediated by NGF, neurotrophin-3, insulin/C-peptide and IGFs have been reported to play prominent roles in the development of DPN. Withdrawal of neurotrophic support results in impaired synthesis and perturbed phosphorylation of cytoskeletal proteins, resulting in an axonal dying-back phenomenon as seen in human DPN [1-6, 17, 37-40] . This may be further perturbed through impaired sorting of proteins by the Golgi [21] . As to whether the much milder but qualitatively similar changes of neuronal Golgi complexes in aged non-diabetic rats can be related to age-related declines in neurotrophic support needs to be examined in detail.
We [31, [41] [42] [43] and others [6] have previously demonstrated the dependencies of neurotrophic factor synthesis and expression of their respective receptors on insulin and C-peptide signalling activity. NGF and insulin itself appear to be mainly neurotrophic to small DRG neurons [44, 45] and neurotrophin-3 is neurotrophic to mainly large sensory fibres [46] , whereas IGF-I is more ubiquitously neurotrophic to the whole spectrum of sensory fibres [42] . It is therefore not totally surprising that small DRG neurons are particularly vulnerable to the type 1 diabetic environment as demonstrated here. This is also underscored by degeneration of C-fibres already under pre-diabetic conditions in both humans [47, 48] and rats [49] .
The effects of neurotrophic withdrawal will impact on major cytoskeletal constituents of neuronal somata and axons, resulting in distal axonal atrophy and dying-back phenomena as shown here and previously [1, 15, 17] , and are probably responsible for atrophy of residual DRG neurons. The mechanisms by which suppressed neurotrophic support relates to the progressive degeneration of the Golgi is now being pursued in our laboratory.
In conclusion, the present study failed to convincingly demonstrate apoptotic neuronal cell death of DRG neurons in the chronically diabetic BB/Wor rat. Instead, progressive degenerative changes of the Golgi apparatus were demonstrated. Preliminary findings suggest that impaired synthesis of cytoskeletal proteins secondarily to neurotrophic suppression may underlie these degenerative changes resulting in neuronal atrophy and loss of vulnerable DRG neuronal populations. 
